Abstract-In this communication, a double-sided Taylor-distribution dielectric resonator antenna array using dielectric insular image guide (DIIG) is presented. Analysis of the dielectric insular resonator antenna (DIRA) is performed with the effective dielectric constant (EDC) method, verified using HFSS™ simulations based on the finite element method (FEM). In order to enhance the gain, the DIRA array is made double-sided, i.e., a mirror image of the array is placed on the other side of the DIIG. The Taylor distribution technique is employed here to suppress the sidelobes. Finally, a 10-element linear DIRA array is fabricated and measured, and a high gain of 15.8 dBi at 36 GHz has been achieved.
I. INTRODUCTION
Over the last few decades, the dielectric resonator antenna (DRA) has been drawing massive interest to prompt significant progress in microwave and mm-wave antenna technologies. The preference on the DRA mainly lies in the fact of its versatility, efficiency and design flexibility compared with the traditional microstrip antenna and other low-gain narrow-band antennas [1] .
Amongst the various shapes of DRAs, the rectangular DRA offers a number of advantages over spherical and cylindrical DRAs. One is that it has two degrees of dimensional freedom: two of the three dimensions of the rectangular DRA can be chosen independently, providing more flexibility in terms of aspect ratios and bandwidth control [2] , [3] . Another advantage is that mode degeneracy, which can increase the cross-polar levels of an antenna, can be removed in rectangular DRAs [3] - [5] .
Amongst the various methods, the DIG coupling to the DRA offers advantages in that it does not suffer from severe conductor loss, especially in the mm-wave band. What's more, this conductor loss can be further reduced by introducing a low-permittivity insular layer between the dielectric guide and the ground plane, namely employing dielectric insular image guide (DIIG) [6] , [7] . With the DIIG as the feeding line, the DRA also has an insular layer underneath it, which is thus referred to here as a "DIRA (dielectric insular resonator antenna)" as shown in Fig. 1 . In a similar manner to microstrip line coupling, DIRAs can be fed either from the side or underneath through DIG. This feeding scheme is promising and has been used in many applications, especially in the series-fed linear DRA array [8] - [11] . This communication proposes a linear double-sided rectangular DIRA array that is fed sideways by a DIIG on the same level. The novelty of this DIRA array lies in that, in contrast with single-sided DIRA array, the radiating elements are placed on both sides of the DIIG in order to increase the coupling between the DIIG and DIRA and hence, enhance the gain (by 1.5 to 2.5 dB in our design). The theoretical analysis of the DIRA is presented in Section II. In Section III, the coupling mechanism between the DIIG and DIRA is studied, which leads to the design and measurement of a double-sided Taylor-distribution DIRA array.
II. RESONANT MODEL OF RECTANGULAR DIRA
Since a rectangular DR/DRA can be viewed as a truncated DG, the rectangular DG model is generally used to describe the wave behaviors in and around the DR [9] . As for the characterization of DGs, there are two popular approximate methods, Marcatili's method [12] and the EDC method [13] . Based on the nomenclature used for the rectangular DG [12] , the resonate modes of a DR/DRA can be classified into and modes. Mongia, et. al., also point out that TE and TM modes to other directions, i.e., , , are also possible if the three dimensions of the resonator are not very different from each other [3] , [14] .
Following the analysis of the DIG in [13] using the EDC method, the characteristic equations of the DIRA have been derived in [15] for the mode. For the mode and the TE and TM modes to the or directions, they can be derived and expressed in a similar way.
III. DESIGN OF A DIRA ARRAY FED BY THE DIIG
In this section, a linear DIRA array is designed, simulated, and measured. In order to enhance the gain, the DIRA array is made doublesided, i.e., adding another mirror array on the other side of the DIIG. The Taylor distribution is employed here to suppress the sidelobe.
A. Resonant Mode and Coupling
A low-loss DIIG designed through the EDC method will be used here as the feeding line, as shown in Fig. 2 modes should be carefully separated in the DIRA array design in order to avoid the radiation interference and polarisation degradation.
The Dupont GreenTape 9K7 LTCC system is used as the main dielectric material of the DIIG, with a relative dielectric constant, of 7.1 at 10 GHz. The material used as the metallic ground plane here is copper, plated on a Rogers RT/Duroid 5880 board, a relative dielectric constant, of 2.2. The designed DIIG works in the Ka band with a cross-section of , , . The DIRA has the same cross-section to achieve the maximum coupling [16] , which leaves the length, , as a flexible variable. It is then used to tune the DIRA to resonate at 35 GHz. Table I lists a set of some possible modes resonating at 35 GHz, which is calculated by the EDC method. Since the guided wavelength at 35 GHz for the mode is calculated to be 6.16 mm, the 113 and higher-order modes need a double-wavelength feeding line and thus are not suitable for compact antenna designs.
As for the 111 and 112 modes, the length, , of and stays too close to be differentiated, which leaves the modes as the only practical option.
The coupling between the DIIG and DIRA is derived from that between two parallel-placed DIIG. A new adjustment coefficient, , is added to the well-known power coupling coefficient, , in [13] , to obtain a new as:
( 1) where is the length necessary for complete power transfer between two matched DIIGs, and is the maximum power transfer to be determined through the HFSS simulation instead of complex mode-matching analysis from [15] .
Results of from the HFSS simulation and EDC method for the dominant mode are shown in Fig. 3 . In order to achieve a high level of coupling, the mode is chosen as its resonant length, 3.5 cm, is closer to , 7.5 cm, compared with the mode. It's also worth mentioning that is still very low for the mode, even at its peak value (about 0.3). To obtain higher antenna gain and more flexibility in antenna design, higher coupling is needed.
B. Double-Sided Taylor-Distribution
In order to achieve higher coupling, the original DIRA fed by the DIIG in [10] , [11] is improved by adding a mirror array of DIRA blocks on the other side, as shown in Fig. 2 (right) . The two DIRA block arrays are coupled to the DIIG by an component and are thus resonant in the same mode. The higher is verified through the HFSS simulation. Results are shown in Fig. 3(b) . It can be seen that the peak has increased to nearly 0.45, whereas the peak position has shifted upwards from to 1.1 mm. In this design, the Taylor distribution of 20-dB sidelobe level is chosen, as shown in Table II for 10 array elements to realize at least 15 dBi gain. Note that the power distribution is recalculated here. The reason is because when the energy travels through an element, a portion is absorbed and thus the energy injected into the next element is the residual from the total. After finalizing the side-lobe level, the next step is to find the corresponding gap, , which enables that amount of power coupling, by referring to Fig. 3(b) . It's worth noting that one value of might yield two 's. For the convenience of fabrication and also to minimise the influence of fabrication errors, all 's are to be chosen from the gentle slope side rather than the steep one.
The final set of 's are also shown in Table II , where for Element 10 is flexible in a wide range as the open-ended DIIG easily radiates regardless of the position of the DIRA.
C. Simulation and Measurement
The DIRA array needs transitions to standard WR28 waveguide for practical measurement and application, as shown in Fig. 4 . As can be seen, only one tapered transition is added at the input end of the DIRA array, as the energy almost completely dies out at the other end. Note that the transition is tapered in both horizontal and vertical planes to ensure a smooth transition.
After optimized by the HFSS simulation, the performance of this double-sided Taylor-distributed DIRA array is given by Fig. 5 .
In Fig. 5(a) , the peak gain of both double-sided and single-sided DIRA array are shown from 30 to 40 GHz. As can be seen, the peak gains center around 35 GHz and those of the double-sided array are all higher than the single-sided one. The average gain increase is from 1.5 to 2.5 dB. As for the impedance bandwidth represented by , it is very wide, nearly covering the whole 10 GHz band.
The radiation pattern is shown in Fig. 5(b) as the solid lines, where 34, 35, and 36 GHz are all included. Good side-lobe suppression has been observed, with the best side-lobe level being 17.5 dB at 35 GHz. Possible reason for the 2.5 dB degradation is that the cross coupling between nearby elements are not accounted for in the design process (optimization of the cross coupling is too complicated for a 10-element array and thus will not be carried out here) and the transition added afterwards might disturb the field pattern of radiation. As there is no side-lobe suppression technique applied in the -plane, a 10-dB sidelobe is observed.
Finally, the magnetic field pattern responsible for the power coupling is obtained through the HFSS simulation and presented in Fig. 6 . As observed in this figure, the main magnetic field,
, is strong at the input of the array and gradually dies out as the field travels through the array. Since the array elements are all one-wavelength away, they are in phase.
A standard LTCC technique was used to fabricate the individual ceramic elements of the array, and these were then mounted through solid adhesives onto a Rogers 5880 RT/Duroid substrate, which provided the low insulating dielectric and the ground plane. A photograph of the assembled antenna is shown in Fig. 4(b) .
The measured and peak gain of the DIRA array is shown in Fig. 5(a) as the red lines. As can be observed, the measured tends to have multiple resonances which is in line with that from the HFSS simulation. The measured gain of the double-sided array also centres around 36 GHz, although the peak gain is 1.5 dB lower, at 15.8 dBi compared with 17.3 dBi from the HFSS simulation.
The measured radiation pattern at 35 GHz is at a 5 increment up to 45 and is shown in Fig. 5(b) as the solid lines with squares. It can be seen that the main beams in both -and -planes get wider toward the transition end and hence, the sidelobe suppression on that side degrades by about 1.5 dB to 16 dB. Possible reasons for the disagreement and degradation may come from the unaccounted shrinkage of the LTCC and the disturbance of the adhesive.
IV. CONCLUSION
This communication proposes a novel design of a DIRA array. In order to enhance the gain of the DIRA array fed by the DIIG, another row of DIRA blocks is added on the other side of the DIIG. Then, a 10-element double-sided Taylor-distribution DIRA array is designed, simulated, and measured. A high gain of 15.8 dBi at 36 GHz is achieved, which verifies the concept and shows great potential for high-gain millimetre-wave applications, such as SOTM (Satellite On The Move), etc. The LTCC fabrication technique together with the bonding adhesive might be optimized to achieve a better result.
I. INTRODUCTION
A common practice when computing the far field from non-uniformly sampled planar fields is to interpolate the samples into a regular grid and then apply the fast Fourier transform (FFT) [1] , although it may cause some inaccuracies due to the interpolation process. The nonuniform FFT (NUFFT) has also been successfully applied to process near field measurements in non-uniform planar grids with arbitrary precision [2] . When analyzing aperiodic arrays, such as reflectarrays, the NUFFT has been used to efficiently compute the array factor [3] . However, in this case, each element of the array is treated as a punctual source not taking into account the amplitude of the unit cell radiation pattern. This can lead to inaccuracies when predicting the gain for off-broadside arrays and the side lobe levels in general, especially for wide angles. For very stringent applications it is important to take these differences into consideration, for instance, for space applications [4] , in which it is crucial to accurately predict the gain of both the co and crosspolar components [5] .
In this communication we show how to efficiently compute the far field radiated by a non-uniformly sampled field defined in a planar aperture by means of the NUFFT. Some numerical examples are provided to compare its results versus the FFT and direct evaluation of the far fields. Also, some of the limitations of the FFT are pointed out and it is shown how the NUFFT can efficiently overcome those limitations. Finally, a study is carried out in order to compare the time performance 
